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Exposure to high concentration geogenic arsenic via groundwater is a worldwide health concern. Well instal
lation introduces oxic drilling fluids and hypochlorite (a strong oxidant) for disinfection, thus inducing
geochemical disequilibrium. Well installation causes changes in geochemistry lasting 12 + months, as illustrated
in a recent study of 250 new domestic wells in Minnesota, north-central United States. One study well had
extremely high initial arsenic (1550 µg/L) that substantially decreased after 15 months (5.2 µg/L). The drilling
and development of the study well were typical and ordinary; nothing observable indicated the very high initial
arsenic concentration. We hypothesized that oxidation of arsenic-containing sulfides (which lowers pH) com
bined with low pH dissolution of arsenic-bearing Fe (oxyhydr)oxides caused the very high arsenic concentration.
Geochemical equilibrium considerations and modeling supported our hypothesis. Groundwater equilibrium
redox conditions are poised at the Fe(III)(s)/Fe(II)(aq) stability boundary, indicating arsenic-bearing Fe (oxyhydr)
oxide mineral sensitivity to pH and redox changes. Changing groundwater geochemistry can have negative
implications for home water treatment (e.g., reduced arsenic removal efficiency, iron fouling), which can lead to
ongoing but unrecognized hazard of arsenic exposure from domestic well water. Our results may inform arsenic
mobilization processes and geochemical sensitivity in similarly complex aquifers in Southeast Asia and
elsewhere.

1. Introduction
Geogenic arsenic (As) can adversely affect groundwater quality in
geologically diverse aquifers in North and South America, Africa,
Europe, and Southeast Asia (Bonsor et al., 2017; Bundschuh et al., 2012;
McArthur et al., 2016; Ravenscroft et al., 2013; Shakoor et al., 2015;
Smedley and Kinniburgh, 2002). Arsenic in aquifer sediments is often
associated with iron (Fe) and sulfur (S) minerals, primarily Fe (oxyhydr)
oxides and Fe sulfides. Fe (oxyhydr)oxides are thermodynamically
favored under oxidizing conditions and circumneutral pH; Fe sulfides,
such as arsenopyrite, FeAsS, and As-rich pyrite, FeS2− xAsx, are ther
modynamically favored under reducing conditions (Schreiber and
Rimstidt, 2013). Groundwater As contamination can be caused by
reduction of Fe (oxyhydr)oxide solids to aqueous Fe and subsequent As
desorption, by reductive desorption of As from Fe (oxyhydr)oxide solids,
or by oxidation of As-bearing sulfides to aqueous species (Kocar et al.,

2006; Shankar et al., 2014; Smedley and Kinniburgh, 2002; Tufano
et al., 2008; Welch et al., 2000). Groundwater As mobilization mecha
nisms can also be affected by local flow-system changes (Bexfield and
Jurgens, 2014; Degnan et al., 2020; Erickson and Barnes, 2006; Gotko
witz et al., 2004; McArthur et al., 2010), seasonal hydrologic changes
(Ayotte et al., 2015; Biswas et al., 2014; Degnan et al., 2020), well
installation (Erickson et al., 2019b; Wallis and Pichler, 2018), and bio
fuel or other hydrocarbon spills (Cozzarelli et al., 2016; Ziegler et al.,
2015).
Throughout the glacial aquifer system in the northern United States
including Minnesota, more than 10% of the groundwater resource has
high As concentrations (> 10 µg/L), the U.S. Environmental Protection
Agency (USEPA) standard for public water systems and the World
Health Organization (WHO) drinking water standard (U.S. Environ
mental Protection Agency, 2017; World Health Organization, 2017).
High As concentrations typically range from 10 to < 100 µg/L (Erickson
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et al., 2019a; Minnesota Department of Health, 2017b). Oxidation of
As-bearing sulfides has been most commonly associated with high As
concentrations in bedrock wells in the northern United States (Ayotte
et al., 2003; Erickson et al., 2019b; Schreiber et al., 2000). In contrast,
high As in glacial aquifers has been more commonly associated with
reducing conditions (Erickson et al., 2019a; Thomas, 2007; Warner and
Ayotte, 2014). In Minnesota glacial aquifers, Nicholas et al. (2017),
found similar amounts of As in As-bearing sulfides (e.g., arsenopyrite)
and Fe (oxyhydr)oxides in sediments where groundwater conditions
were conducive to As release due to oxidative dissolution reactions.
In the upper Midwestern United States, As is prevalent in glacial and
bedrock aquifers that lie within the footprint of the Late Pleistocene Des
Moines Lobe glacial till, and As is more common in domestic wells than
in public-water supply wells (Erickson and Barnes, 2005a, 2005b). The
geology of Minnesota is complex, owing to sediment deposition from
multiple glaciations (Lusardi, 1997). Late Pleistocene glaciation
(approximately 15,000 years before present) deposited a heterogeneous
mixture of fine sediment and organic matter that creates geochemical
conditions that promote the release of As from those sediments into
groundwater (Erickson and Barnes, 2005a; Nicholas et al., 2017).
Geochemically reduced (As- and Fe-bearing sulfides) and oxidized
(oxidized As and Fe) redox end-members are expected to represent
conditions that retain solid-phase As phase until the system is perturbed
by changes in redox, water chemistry, or hydrologic conditions. But the
system is actively weathering, with potential for As release to water as
indicated by co-located As sulfide minerals with oxidized Fe (Nicholas
et al., 2017). Arsenic mobilization can therefore occur in these glacial
sediments, either by reductive dissolution/reductive desorption of Fe
(oxyhydr)oxides or oxidation of As-bearing sulfides. Adsorbed As can be
desorbed due to changes in pH, and it can be mobilized by low-pH
dissolution of Fe (oxyhydr)oxide solids to aqueous Fe (Cravotta, 2008).
Studies estimate between 80,000 (Ayotte et al., 2017) and 130,000
(Minnesota Department of Health, 2017a) domestic water well users in
Minnesota are exposed to drinking water As concentrations above 10
µg/L. For the purpose of this paper, ‘high’ is defined as > 10 µg/L, even
though chronic exposure to As at lower concentration can cause adverse
health effects (Almberg et al., 2017; Bulka et al., 2016; Monrad et al.,
2017).
Well installation can affect groundwater geochemistry due to intro
duction of oxidizing drilling fluids (oxygenated tap water) into reducing
groundwater, chlorination (strong oxidizer) for sanitation, and induc
tion of potential intra-borehole flow. Additionally, the act of using wells
for water supply can cause disequilibrium conditions (Gotkowitz et al.,
2004; McArthur et al., 2010). The process of well installation can release
or sequester As and other metals in wells, depending on the natural
As-bearing phase and the changing redox or pH conditions initiated by
installation, for example desorption or mobilization of metals during
(oxidative) weathering (Gotkowitz et al., 2008; Wallis and Pichler,
2018). The effect of well installation on measured geochemical condi
tions in wells can last for a year or more (Erickson et al., 2019b; Wallis
and Pichler, 2018).
In Minnesota, domestic well water is required to be sampled for As
prior to potable use (State of Minnesota, 2017), but domestic well water
is not required to comply with the 10 µg/L standard for public supplies.
Although recommended in some circumstance, no regulatory follow-up
sampling is required for domestic wells. A recent study of 250 wells
looked at sampling protocols at new wells and groundwater geochemical
evolution after well installation in three study regions in Minnesota
(Erickson et al., 2018, 2019b).
Here we present a detailed geochemical study for one of the new
domestic wells that had atypical groundwater geochemistry: the initial
As concentration (days to weeks after installation) was a human health
hazard. In this study, we describe the hydrogeologic setting, drilling
process, and measured geochemistry. We then hypothesize As mobili
zation/sequestration mechanisms, test our hypotheses with geochemical
equilibria modeling, and describe the public health implications of our

study results. Finally, we put the groundwater equilibrium results into
the regional context of groundwater contamination from geogenic As.
Our glacial geologic setting shares some important characteristics to
deltaic and other high-As aquifers in Southeast Asia: late Pleistocene/
Holocene age, complex layering of aquifers and confining units, low-As
sediment concentrations, and geochemical controls on As mobilization.
Our improved understanding the human-induced geochemical changes
associated with drilling, installing, sanitizing, pumping, and sampling of
drinking water wells can inform guidance in the United States, in areas
of Southeast Asia or elsewhere.
2. Hydrogeologic setting
The study well is located in the north-central part of the United
States, in central Minnesota (Fig. 1). The well is in the Central Region of
the larger study of temporal changes in As concentration, as described in
Erickson et al. (2018, 2019b). The Central Region is composed of a
complex distribution and layering of glacial sediment (Lusardi et al.,
2011), with drinking water aquifers composed of sand and gravel
embedded in glacial till confining units. Till layers extend laterally over
large areas, and meltwater-deposited sand and gravel were created at
lower drainage elevations (Knaeble, 2013; Lusardi and Jennings, 2009;
Lusardi and Lively, 2009). The clay-rich till forms confining layers over
the aquifers. The majority of glacial sediment deposited by meltwater
consists of poorly sorted pebbles, cobbles, limestone fragments, clay,
sand, and gravel (Clayton and Moran, 1982; Lusardi and Jennings, 2009;
Lusardi and Lively, 2009). Nicholas et al. (2017) reported concentra
tions of As, iron, and sulfur (As, 2.6–12.3 mg/kg; iron, 0.89–3.61 wt%;
sulfur, 0.05–1.81 wt%; iron/sulfur, 2–30) for till and aquifer sediments
in geologic units that range across the area (Johnson et al., 2016). Other
analyses of regionally extensive till and aquifer sediment find similar As,
Fe, and S concentrations (Erickson and Woodruff, 2020; Thorleifson
et al., 2019). The study well is in a glacial aquifer.
3. Methods
3.1. Well drilling
The study well was drilled in Hennepin County, Minnesota, in June
2014 by a licensed water well contractor in a manner typical for do
mestic wells in glacial aquifers in Minnesota. The 4-inch (10 cm)
diameter well was installed using mud-rotary drilling, which includes
mixing oxygenated tap water with drill cuttings to create mud that can
be pumped from the drill hole. The well was completed with an 8-foot
(2.5 m), 12-slot stainless steel screen set at a bottom depth of 222 feet
(67.5 m) below ground surface. The annular space was grouted with
bentonite, and the well was developed by pumping water from the well
at a high flow rate until the discharge water was visibly clear of fine
sediment. The well had a final production volume of 30 gallons/minute
(113.5 liters/minute). As required by rule, the well was disinfected after
well development (State of Minnesota, 2008) using the driller’s standard
practice of putting approximately two cups (380 g, or ≈ 0.5 liter) of
calcium hypochlorite pellets into the well. A submersible pump was
installed in the well 140 feet (42.5 m) below ground surface, and 30 feet
(9 m) below the static water level in the well.
The drilling contractor noted nothing unusual about the well
installation or well development. The well was not pumped to dryness
during development. With the exception of the Minnesota Department
of Health (MDH) staff member noting a chlorine smell early in the well
purging process associated with sample collection 3 weeks after well
construction, neither the contractor nor the MDH staff noted anything
unusual about the apparent water quality when collecting the required
regulatory samples or study samples (R. Torgerson, well driller, and E.
Berquist, MDH hydrologist, oral communication, December 2017). The
well log for the study well is provided in Supporting Information Fig. SI1.
2
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Fig. 1. Study well location (red marker) and simplified surficial geology, with the other ≈ 250 newly constructed domestic wells sampled for larger, regional study.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Modified from Erickson et al. (2018).

3.2. Sample collection and laboratory analysis

within 4 weeks of well construction; Round 2, 3–6 months after initial
sample collection; and Round 3, 12 + months after initial sample
collection. Sample collection protocols are described in previous publi
cations (Erickson et al., 2018, 2019b) and are excerpted in the Sup
porting Information. During each sampling round, field measurements
of physicochemical properties (specific conductance, pH, dissolved

The study well was sampled as part of a larger temporal water quality
study (Erickson et al., 2018, 2019b). In summary, from 2014 to 2016,
254 new domestic residential water wells were sampled three times (for
a total of ~750 sampling events) by MDH staff members: Round 1,
3
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oxygen (O2), redox potential (ORP), and water temperature) were
monitored to determine stability (Table 1). The field measurements
were made with a probe attached to a multi-parameter water quality
meter in a flow-through cell that isolates the groundwater from the at
mosphere. Round 1 samples also had an associated driller-collected
regulatory sample, which often (but not always) coincided with the
Round 1 sample collection. Driller-collected regulatory samples were
analyzed at a certified commercial analytical laboratory and reported to
MDH as required by rule (State of Minnesota, 2017). See the Supporting
Information for more detail.
The driller’s regulatory sample was collected from the study well the
day that the well was drilled using the drill rig pump shortly after well
development. The Round 1 study sample was collected approximately 3
weeks later. All study well samples, except the driller-collected sample,
were collected from an untreated, outdoor faucet. Sample dates are
provided in Table 1.
Analytes included total As, aqueous As, aqueous iron, aqueous
manganese, aqueous nitrate+nitrite, and sulfate. All samples except
total As and sulfate were field-filtered through a 0.45-micron filter.
Samples collected for As and other metals were field-preserved with
nitric acid. The aqueous nitrate+nitrite samples were field-preserved
with sulfuric acid, and the sulfate samples were not preserved. All
samples were immediately put in coolers with ice or refrigerated at 4 ◦ C
until delivery to the laboratory.
The groundwater samples were analyzed at the Minnesota Depart
ment of Health (MDH) Public Health Laboratory in St. Paul, Minnesota,
using the following standard methods: total As, aqueous As and aqueous
manganese, USEPA 200.8 (U.S. Environmental Protection Agency,
1994); aqueous iron, USEPA 200.7 (U.S. Environmental Protection
Agency, 2001); sulfate, USEPA 300.1 (U.S. Environmental Protection
Agency, 1997); nitrate+nitrite, standard method (SM) SM 4500-NO3 F
(Standard Methods Online, 2000). Quality assurance results for blank
and replicate samples are provided elsewhere (Erickson et al., 2018,
2019b).

3.3. Geochemical modeling
Geochemical modeling was used to test three hypotheses about the
origin of the high As (e.g., sulfides vs (oxy)hydroxides) in the study well
and its mobilization mechanism: (1) arsenic originates in sulfide min
erals that oxidatively dissolve due to the addition of O2 from the well
installation process (simulation 2 in Table 2), (2) arsenic originates in
sulfide minerals that oxidatively dissolve due to the addition of hypo
chlorite/hypochlorous acid (ClO-/HClO) disinfectant (simulations 3 and
4 in Table 2), and (3) arsenic originates in (oxyhydr)oxides that dissolve
due to low pH generated by oxidative dissolution of sulfide minerals
either by O2 (simulation 5 in Table 2) or ClO-/HClO (simulation 6 in
Table 2). Simulation 1 represents equilibrium conditions.
To assess the reactions causing the very high concentration of
aqueous As, simulations were run in the React module of the Geo
chemist’s Workbench v.14 (Rockware Inc., 2019). The React module
simulates chemical reactions to achieve thermodynamic equilibrium in
systems with user-defined input solutions and/or solids. Reactions can
proceed to equilibirum or at specified reaction rates. Reaction products
and reactants are measured in terms of reaction progress, a dimen
sionless term which ranges from 0 at the beginning of the reaction to 1 at
the end of the reaction. React was used to perform batch reactor-type
equilibrium models due to lack of information about flow during and
after pumping. This is a limitation to these models, but estimated flow
parameters would likely introduce more error than they would resolve.
Thus, a batch reactor-type equilibrium model was deemed most
appropriate to test the validity of the three hypotheses.
The thermo.com.v8. R6 + database, and the FeOH.dat sorbing sur
faces database (Rockware Inc., 2019) that describes surface complexa
tion on FeOOH or Fe(OH)3 (Dzombak and Morel, 1990), termed HFO in
the model, were used. Manual modifications (renaming of species,
minerals, etc.) were made to FeOH.dat for compatibility with thermo.
com.v8. R6 +. The original basis fluid was based on ‘Round 3′ sampling
results (Table 1), which we assumed was reflective of background
geochemistry. Major ions (i.e., Ca2+, Mg2+, HCO-3) not analyzed were
estimated from the Hennepin County Geological Atlas (Balaban, 1989)
and added to the basis fluid: 10 mg/L Na+, 80 mg/L Ca2+, 30 mg/L
Mg2+, 3 mg/L Cl-, and 400 mg/L HCO-3 (the most abundant ion, HCO-3,
was allowed to balance charge). Table 2 presents the basis fluid, min
erals, and well-drilling induced oxidizing conditions tested in six
modeling simulations. Mineral compositions used in the simulations
were determined based on geochemistry from samples SC2–205ac,
SC2–205c, and SC2–205bc sediment cores, described in Erickson and
Woodruff (2020), assuming that all of the S was pyrite and that all of the
carbonate was calcite. Based on the sequential chemical extractions
from Nicholas et al. (2017), core locations illustrated in Erickson and
Woodruff, (2020), we apportioned 30% of the total molal concentration
(mol/kg) of Fe to FeOOH or Fe(OH)3 and 50% of the total molal con
centration of As to arsenopyrite. Because Ca(ClO)2 was not in the ther
modynamic database, hypochlorous acid (HClO) was used instead. The
HClO concentration was calculated based on the volume of the well to
the water table (40 L), the 380 g (0.5 liter) of Ca(ClO)2 pellets added by
the driller, and the assumption that Ca(ClO)2 would completely disso
ciate. Because thermodynamic data were not available for arsenopyrite
or HClO at 10 ◦ C, the temperature of the wells, all simulations were at
25 ◦ C. Model input reactants and concentrations are summarized in
Table 2. Output files from model simulations are provided in text files
included in the Supporting Information; model input information is also
summarized in the output text files.

Table 1
Water quality measurements at a central Minnesota, United States, drinking
water well [–, no data; ORP, oxidation reduction potential measurement with
silver/silver chloride probe; mV, millivolts; O2, dissolved oxygen; mg/L, milli
grams per liter; µS/cm, microsiemens per centimeter at 25 degrees Celsius; µg/L,
micrograms per liter].
Analyte

pH
ORP
O2
Specific
conductance
Temperature
Total arsenic
Aqueous
arsenic
Nitrate+nitrite
Aqueous iron
Total sulfate
Aqueous
manganese

Unit of
measure

Sample date
Installation
6/23/2014a

Round 1
7/16/
2014b

Round 2
10/28/
2014b

Round 3
10/2/
2015b

standard
pH units
mV
mg/L
µS/cm

–

3.01

7.05

7.54

–
–
–

258.2
4.61
729

− 55.7
0.65
781

− 89.3
0.65
779

degrees
Celsius
µg/L
µg/L

–

10.32

10.71

10.6

1550
–

1410
1340

24.2
24.5

5.37
5.24

–

< 0.05

< 0.05

< 0.05

–
–
–

0.229
26.4
91.1

0.950
17.8
76.3

0.857
15.1
66.2

mg/L
nitrogen
mg/L
mg/L
µg/L

a

Driller-collected regulatory sample analyzed at a certified laboratory.
MDH hydrologist-collected samples analyzed at Minnesota Department of
Health Public Health Laboratory
b
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Table 2
The Geochemist’s Workbench (Rockware Inc., 2019) model scenarios.
Model Input Reactants
Model
simulation

FeS2
(mg/
kg)

FeAsS
(mg/
kg)

FeOOH
(mg/kg)

Fe
(OH)3
mg/kg)

CaCO3
(g/kg)

Mg
(mg/
L)

Ca2+
(mg/
L)

Fe2+
(mg/
L)

Na+
(mg/
L)

SO24
(mg/
L)

Cl(mg/
L)

HCO-3b
(mg/L)

H2AsO-4
(mg/L)

1. Low O2
2. High O2
3. HOCl + Low
O2
4. HOCl + High
O2
5. No Assulfides; high
O2
6. No Assulfides; high
O2 + HClO

5614
5614
5614

4.64
4.64
4.64

3900a
3900a
3900a

a

71.7
71.7
71.7

30
30
30

80
80
80

0.857
0.857
0.857

10
10
10

15.1
15.1
15.1

3
3
3

400
400
400

5614

4.64

3900a

a

71.7

30

80

0.857

10

15.1

3

5614

0

0

3900

6

30

80

0.857

10

15.1

5614

0

0

3900

6

30

80

0.857

10

15.1

a
b

a
a

2+

O2
(aq)

HClO
(M)

0.00524
0.00524
0.00524

0.65
4.61
0.65

0
0
0.13

400

0.00524

4.61

0.13

3

400

0.00524

4.61

0

3

400

0.00524

4.61

0.13

(mg/
L)

simulations also run with Fe(OH)3 in place of FeOOH.
species used for charge balance.

4. Results and discussion

The geochemistry of the study well was markedly different 4 months
after well drilling (Round 2 sampling). The total and aqueous concen
tration of As was approximately 25 µg/L, a decrease of almost 50-fold.
The measurements of O2 and ORP both decreased substantially
(Table 1). The measured pH increased to circumneutral (median pH for
the Central Region, Fig. SI-2). The concentration of iron increased and
was near the median value for other wells in the region. Manganese and
sulfate decreased, with these results lower than the median for the re
gion during Round 2 (median Mn 190 µg/L; median sulfate 24 mg/L,
Fig. SI-2). Geochemical results indicated reduced but not anoxic con
ditions (O2 >0.5 mg/L with iron > 100 µg/L). These reduced but not
anoxic conditions were described as ‘mixed redox conditions’ in Erick
son et al. (2019a), and mixed redox conditions were typical of other
wells in the Central Region during Round 2 sampling.
Round 3 sample results (samples collected approximately 15 months
after well drilling) again showed a notable change in well water
geochemistry. The concentration of aqueous As was 5.24 µg/L, a 5-fold
decrease from Round 2 – and a more than 250-times decrease from the
Round 1 As sample result. The measurements of O2, ORP, and iron
continued to indicate mixed redox conditions, which was typical of
other wells in the region during Round 3 sampling (Erickson et al.,
2019a; Figs. 2, SI-2). The measured pH increased but remained cir
cumneutral, and the concentrations of iron, manganese, and sulfate
were similar to concentrations measured during Round 2.

4.1. Measured groundwater geochemistry
The geochemical results for the study well are presented in Table 1;
results for larger set of studied wells in the region were presented in
Erickson et al. (2019b); data available online in Krall et al. (2018).
The study well initially had total and aqueous groundwater As con
centration measurements that were extremely high, more than 1300 µg/
L (driller-collected regulatory sample and Round 1 sample, Table 1).
Typical Round 1 As concentrations measured in well water in the Central
region ranged from less than 1 to 50 µg/L (Figs. 2, SI-2). The Round 1
measurements of O2 (4.61 mg/L) and ORP (258 mV) both indicated oxic
conditions. Although many wells had oxic O2 and ORP measurements
during Round 1, the study well measurements were higher than typical
in other wells in the region (median O2 2 mg/L; median ORP 110 mV,
Fig. SI-2). The measured pH (3.01) was low compared to the typical
circumneutral pH in the region (median pH 7.1). The Round 1 concen
trations were in the typical ranges for iron (median 100 µg/L), manga
nese (median 190 µg/L), and sulfate (median 26 mg/L) (Fig. SI-2, and
Krall et al., 2018).

4.2. Simulated groundwater geochemistry
We evaluated mechanisms to explain the high As in the study well:
oxidation of As-sulfides as a result of oxidizing conditions introduced
into the well and aquifer (e.g., O2 or HClO), and dissolution or desorp
tion of As from Fe (oxyhydr)oxides due to pH changes. Geochemical
modeling results are presented in Table 3, Figs. 3 and SI-3.
4.2.1. Mechanisms for As release
For As to be sourced from oxidation of sulfides, As-bearing sulfides
need to be present in aquifer materials. Nicholas et al. (2017) detected
orpiment- and arsenopyrite-type sulfides throughout Des Moines lobe
till in about equal quantities to As associated with Fe (oxyhydr)oxides,
and Erickson (2005) reported observable pyrite nodules in Des Moines
lobe till and sand. Geochemical analyses and sequential extractions of
numerous samples from Des Moines lobe till and aquifer sands show that
As, Fe, and S are ubiquitous at concentrations consistent with our
geochemical modeling input (Erickson and Woodruff, 2020; Thorleifson
et al., 2019).
When introduced into the well, Ca(ClO)2 tablets rapidly dissociate

Fig. 2. Aqueous As measurements in Central Region study wells. Excluding the
study well (red) there is a small but statistically significant increase in measured
As concentration from Round 1 to Round 3 (Erickson et al., 2019b). Data
available online (Krall et al., 2018). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of
this article.)
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Table 3
Results of geochemical equilibrium modeling.
Model simulationa
1. Low O2 (0.65 mg/L)
2. High O2 (4.61 mg/L)
3. HOCl + Low O2
4. HOCl + High O2
5. No As-sulfides; high O2
6. No As-sulfides; high O2 + HClO

Aqueous Fe (mg/L)

Total SO4 (mg/L)

Aqueous As (μg/L)

Sorbed Asb(μg/kg)

pH (std units)

2.4
2.3
103.0
60.8
3.0
1027.0

4.0
5.9
965.0
982.6
3.0
1694.0

2.7
2.8
2137.5
1923.9
2.6
1377.5

2135.5
2135.5
–
–
1667
290.7

7.0
7.0
5.5
5.6
7.0
3.2

–Not applicable
Reaction progress, Fig. 3.
a
Model simulations described in 3.3 Geochemical Modeling and Supporting Information model files
b
Adsorption to Fe (oxyhydr)oxides (HFO)

(reaction 1) and hypochlorite can protonate to form hypochlorous acid
(reaction 2; pKa = 7.5, Rockware Inc., 2019). Hypochlorous acid is a
weak acid but a strong oxidizing agent.
Ca(ClO)2 ↔ Ca2+ + 2 ClO−

(1)

ClO− + H + ↔ HClO

(2)

4.2.2. Evaluating As release mechanisms
Using geochemical equilibrium modeling, we tested the potential for
reactions 3 and/or 4 to liberate As from sulfide minerals (simulations 1 –
4, Tables 2 and 3), as well as the potential for the combination of re
actions 5 and 6 to liberate As from Fe (oxyhydr)oxides (simulations 5, 6).
To simulate reaction 3, we reacted 4.61 mg/L O2, the amount present in
Round 1 (simulation 1, Table 3). We tested reaction 4 by reacting
0.130 M HClO and the background amount of O2 present in Rounds 2
and 3, 0.65 mg/L (simulation 2). And we tested the combination of re
actions 3 and 4 by reacting 0.130 M HClO with 0.65 mg/L O2 or
4.61 mg/L O2 (simulations 3, 4). We also tested the combination of re
actions 5 and 6 by reacting 4.61 mg/L O2 with pyrite instead of arse
nopyrite and As adsorbed to HFO (simulation 5), and we tested the
combination reaction 0.13 M HClO with 4.61 mg/L O2 with pyrite
instead of arsenopyrite and As adsorbed to HFO (simulation 6).
Results of the simulations are provided in Table 3 and Fig. 3; addi
tional modeling results and geochemical modeling input and output
details are provided in the Supporting Information. The reported con
centrations are the sum of all aqueous species containing Fe2+, SO24 , or
As and adsorbed As species.
Geochemical modeling results indicate that arsenopyrite weathering
could occur due to high O2 (simulation 2) because the total amounts of
liberated As (aqueous + adsorbed) were similar in simulations 1 – 4.
However, the addition of Ca(ClO)2, here simulated with hypochlorous
acid, dissolves HFO, which greatly increased the aqueous As in those
simulations and in simulation 6. A combination of sulfide dissolution
and HFO dissolution, each of which likely is an As-repository in the
aquifer, contributed to the As spike in the study well.
The lowered pH in Round 1 could be the result of H+ production
during arsenopyrite and/or pyrite weathering. Evidence for enhanced
pyrite oxidation and/or dissolution with HClO is indicated by the large
increase in aqueous Fe and SO24 relative to the O2 only simulations. The
greater solubility of arsenopyrite (log K = − 14.4, Rockware Inc., 2019)
compared to pyrite (log K = − 24.6, Rockware Inc., 2019) at 25 ◦ C
might explain why arsenopyrite weathered completely in the O2 only
simulations while pyrite did not. The much greater Fe and SO24 con
centrations in simulations as compared to measured concentrations in
Round 1 likely also indicates a kinetic barrier to complete dissolution in
the well that was not accounted for in the equilibrium simulation, a
subsequent mineral precipitation not being simulated, or a smaller
amount of pyrite (see Section 4.3).
The simulated aqueous As concentration was not sensitive to
changing O2 (simulations 1 vs 2), but it increased dramatically in
response to HClO additions, resulting in 1377.5–2137.5 μg/L aqueous
As (simulations 3, 4, 6), with highest aqueous As in arsenopyrite/HClO/
low O2 simulation (simulation 3). Most of the As released from arseno
pyrite oxidation was adsorbed to HFO under the O2 only simulations, but
this As remained in aqueous phase in the HClO simulations because HFO
dissolved with the lower pH produced in that simulation (Fig. 3). When
initial As was adsorbed to HFO, weathering of pyrite by HClO (simula
tion 6) lowered the pH to 3.2, sufficiently low to dissolve HFO and

An oxidative mechanism of As release from arsenopyrite could be
accomplished using one of two oxidants: O2 (reaction 3), or hypochlo
rous acid formed from the dissolution of calcium hypochlorite, the
disinfection chemical used in the study well (reaction 4).
FeAsS(s) + 3.25 O2 + 1.5 H2 O ↔ Fe2+ + SO2−4 + H + + H2 AsO−4

(3)

FeAsS(s) +6.5HClO+1.5H2 O↔Fe2+ +SO2−4 +6.5Cl− +7.5H + +H2 AsO−4

(4)

The reactions produce the same molar quantities of Fe2+, SO24 , and
H2AsO-4, but when hypochlorous acid is the oxidant, it generates much
more acidity, which is consistent with the low pH (3.01) measured in
Round 1. Reaction 4 should also generate chloride, which was not
measured.
Nicholas et al. (2017) detected a comparable amount of As in glacial
sediments sorbed to Fe (oxyhydroxides) as was found in sulfides, indi
cating a second sediment source of As. The oxidation of pyrite (reaction
5) would also produce acidity, which can destabilize and dissolve Fe
(oxyhydr)oxides (reaction 6). The Fe2+ generated can also be oxidized
(the reserves of reaction 6).
FeS2(s) + 7 HClO + H2 O ↔ Fe2+ + 2 SO2−4 + 7 Cl− + 9 H +

(5)

Fe(OH)3(s) + 2 H + ↔ 2.5 H2 O + Fe2+ + 0.25 O2

(6)

We can rule out that high As in Round 1 sampling could have been
released by reductive dissolution of Fe (oxyhydr)oxides, releasing
adsorbed As (Erickson and Barnes, 2005a; Erickson and Woodruff, 2020;
Nicholas et al., 2017). In the absence of free hydrogen sulfide, which can
act to abiotically reduce and dissolve Fe (oxyhydr)oxides (Dos Santos
Afonso and Stumm, 1992), the most likely mechanism for reductive
dissolution is microbial (Lovley and Phillips, 1986). The driller did not
note a smell of H2S, which the human nose can detect at 5 μg/L (Powers,
2004), so the presence of free sulfide seems unlikely. Therefore, mi
crobial Fe (oxyhydr)oxide reduction would be the potential pathway for
reductive dissolution. This pathway, however, requires anoxic condi
tions and would not be expected to add sulfate to the system. This
reductive pathway is not consistent with our data: O2 was 4.61 mg/L,
and sulfate concentrations were elevated above the well’s “background
concentration” as represented by Round 3 results. The reductive
pathway hypothesis was therefore rejected and not simulated in model
runs.
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Fig. 3. Selected geochemical results from model simulations, described in Section 3.3 Geochemical Modeling and in Supporting Information model files; equilibrium
concentrations presented in Table 3. Changes in (A) aqueous As; (B) sorbed As; (C) pH; and (D) aqueous Fe are most influenced by models that include the addition of
HClO (disinfectant). When sulfides are present, HClO weathers sulfides and lowers pH (red, blue, and pink lines). Aqueous As is released via weathering of arse
nopyrite (red and blue lines) or dissolution of Fe (oxyhydr)oxides (HFO), co-mobilizing adsorbed As (pink line), or a combination of the two mechanisms. Substantial
increases in aqueous As occur before the reactions are 40% complete. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

substantially increase aqueous As (As 1377.5 µg/L in simulation 6 vs.
2.6 µg/L in simulation 5, with only O2). The pH of the simulation fluid
was not substantially affected by the amount of O2 only but dropped
after HClO addition (Fig. 3). In simulations 5 and 6, where the calcite
amount was decreased by ~10x, the pH conditions observed in the field
were simulated, indicating either heterogeneous CaCO3 in sediments or
that not all CaCO3 reacted in the timeframe of this study. The other
aqueous constituents were also sensitive to HOCl: considerably higher
total aqueous Fe (60.8–103.0 mg/L) and SO24 (965.0–982.6 mg/L) was
simulated with arsenopyrite weathering by HClO compared to the
simulations of arsenopyrite weathering by only low and high O2
(2.4–4.0 mg/L for Fe; 3.0–5.9 mg/L for SO4; Table 3, Fig. 3, Supporting
Information).
Because thermodynamic data were not available for HClO and
arsenopyrite at 10 ◦ C, a sensitivity analysis was performed for pyrite
oxidation at 10 ◦ C and 25 ◦ C with O2 only (model run files provided in
Supporting Information). The pH was 1.5% higher at 10 ◦ C than 25 ◦ C.
At high O2, the Fe relative percent difference was only 11%, with the
25 ◦ C reaction releasing more Fe. At low O2, 31% more Fe was released
at 25 ◦ C. Sorbed As was similar in all simulations, and no As was
◦
released without arsenopyrite. Aqueous SO24 was 34% higher at 10 C,

but very similar between low and high O2. Aqueous Fe was much more
sensitive to temperature and oxygen. These results indicate that aqueous
Fe concentrations may be overestimated in the modeling compared to
10 ◦ C for the pyrite system, while sulfate may be underestimated.
However, the lack of accounting for pyrite weathering kinetics, as noted
above, likely has a greater effect on the difference between measure
ments in Round 1 and simulations in aqueous Fe and SO24 . Although the
sensitivity analysis could not be performed with arsenopyrite, its
exothermic enthalpy for formation (ΔH0f = − 42.1 kJ/mol, Rockware
Inc., 2019) indicates that the mineral stability is enhanced at lower
temperature and suggests our simulations may overestimate the amount
of As released, in accordance with the higher aqueous values in the
simulations as compared to Round 1.
4.3. Measured vs. simulated groundwater geochemistry
The model simulation results (Table 3) can be compared to the well
water concentration measurements (Table 1) to assess potential pro
cesses responsible for the high As concentrations observed after well
installation: high dissolved oxygen and/or Ca(ClO)2 addition. Selected
measured and simulated results are presented together in Table 4. Only
7
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Table 4
Selected simulated and measured analyte concentrations.
Model Simulation
1
2
3
4
5
6

Aqueous As (µgL)

Aqueous Fe (mg/L)

Total SO4 (mg/L)

pH (standard units)

Simulated

Measured

Simulated

Measured

Simulated

Measured

Simulated

Measured

2.7
2.8
2137.5
1923.9
2.6
1377.5

5.24
1340
1340
1340
1340
1340

2.4
2.3
103.0
60.8
3.0
1027.0

0.857
0.229
0.229
0.229
0.229
0.229

4.0
5.9
965.0
982.6
3.0
1694.0

15.1
26.4
26.4
26.4
26.4
26.4

7.0
7.0
5.5
5.6
7.0
3.2

7.54
3.01
3.01
3.01
3.01
3.01

Round 3 measured results are presented for Model Simulation 1, representing equilibrium conditions. Round 1 measured results are presented for Model Simulations 2
– 6, representing varying oxidizing conditions.

total As was measured on the day of drilling, the day that the Ca(ClO)2
was added to the well; there are no measurements of pH, Fe, or SO4 to
compare to simulation results. Three weeks after well installation,
however, the acidic pH of Round 1 water is most consistent with the
results of the simulations with HClO.
Despite being able to accurately simulate the dissolved As concen
tration with HClO, our model simulations predicted substantially more
dissolved Fe and SO4 than was observed in the study well, indicating
that other secondary processes that could not be simulated were
removing Fe and SO4 from solution. There was 11.3 mg/L more sulfate
in Round 1 sampling vs. Round 3 (Tables 1 and 4). The amount of
simulated SO4 rose several orders of magnitude during HClO simulations
(3, 4, and 6) compared to O2 only simulations (2 and 5), likely due to
equilibrium dissolution of pyrite in simulations. The field measure
ments, however, did not match these high simulated SO4 concentrations,
perhaps because the pyrite oxidation reaction may not have gone to
completion in the well. This is supported by the model simulations that
show substantial increases in aqueous As occur before the reactions are
40% complete (Figs. 3 and SI-3). Assuming that arsenopyrite weathered
similarly regardless of O2 concentration, it is likely that the enhanced
sulfate in Round 3 resulted from some additional pyrite weathering by
Ca(ClO)2. In all simulations with O2 only (no HClO), simulated aqueous
Fe was > 3 times the amount measured at any time in the well (Table 4).
We hypothesize that the precipitation of schwertmannite, which has
an ideal formula Fe8O8(OH)6SO4, could explain the disagreement be
tween simulated and observed Fe and SO4 concentrations. Although not
observed in our setting, schwertmannite commonly forms in oxidizing,
low pH environments with elevated Fe and SO4 (Bigham et al., 1996)
similar to initial conditions observed in the study well. Schwertmannite
formation is currently not in the thermodynamic databases and was not
considered in the models. However, based on the solubility product (Ksp)
of 10− 5.28 reported by Yu et al. (1999), the simulated aqueous solutions
would be extremely supersaturated with respect to schwertmannite
(saturation index ≈ 52 based on equilibrium Fe and SO4 concentrations
produced in simulation 3 of ~100 mg/L and ~1000 mg/L, respec
tively), indicating that schwertmannite would be expected to precipitate
and lower the dissolved Fe and SO4, which would lead to closer agree
ment between our measured and simulated results. Schwertmannite is
commonly associated with acid mine drainage, but it has also been
found in naturally acidic environments (Schwertmann et al., 1995) and
can be a precursor to other minerals (e.g., fig. 6 in Cravotta, 2008;
Hammarstrom et al., 2005).
The As release in simulations 3–4 (arsenopyrite and HClO) was
≈ 30% higher than measured in the well in Round 1, and the As release
in simulation 6 (pyrite, HFO and adsorbed As and HClO) was about the
same as measured As in Round 1. Aqueous As in simulation 1 (low O2)
was lower than measured in the well in Round 3. Regardless of O2 and
sulfide mineral, the simulated aqueous As concentrations were different
from one another depending on whether HClO was present, indicating
that HClO drives the release of As into groundwater from weathering of
arsenopyrite, or weathering of pyrite, which causes the pH-driven
dissolution of As-bearing Fe (oxyhydr)oxides.

4.4. Regional-scale groundwater geochemical environment – temporal
changes
The striking 300-fold decrease in As concentration in the study well
over 15 months was atypical for how As concentrations changed over
time in the larger set of Central Region Minnesota study wells (Figs. 1
and 2). In contrast to our study well, arsenic concentrations in other
Central Region wells increased by 24% or more in 25% of the wells in the
year following well installation (Erickson et al., 2019b). Most of the
other geochemical changes in the study well, however, were typical for
wells in the region following the installation perturbation: increase in
iron concentration to presumed background levels, return to a more
reducing redox condition, and return to circumneutral pH values
(Erickson et al., 2019b). The Low O2 model (simulation 1) indicated,
however, that even the mixed redox groundwater condition present in
Round 3 – more than 1 year after well drilling – had substantial adsorbed
As available for potential mobilization.
Eh, pH, and As concentration from the approximately 100 Central
Region wells (Erickson et al., 2019b), and relevant Fe stability fields, are
plotted on Fig. 4, with the study well highlighted in red. During Round 1,
there was substantial scatter of As measurements within the Eh-pH
space, indicating geochemical disturbance from well drilling. A year
or more after well drilling, results evolve from diffuse into a vertical,
semi-linear group that lies between pH 7 and pH 8.5. If the Round 3
results are an indicator of common background geochemical condition,
it is noteworthy that the equilibrium geochemical condition straddles
the stability fields between aqueous Fe2+ and solid Fe(OH)3, and re
mains above the anoxic stability field of pyrite (pH > 7). Results indicate
that small geochemical perturbations in either Eh or pH, which can
occur from the addition of Ca(ClO)2 or from other reasons, could shift Fe
between favoring solid-phase and aqueous phase, which in turn could
substantially increase or decrease As concentration in well water.
Resident microbial communities can potentially accelerate As release by
catalyzing sulfide mineral and Fe2+ oxidation in the presence of oxygen,
resulting in reactions rates that are 106 times faster than abiotic rates (e.
g. Singer and Stumm, 1970; Nordstrom, 1985; Percak-Dennett et al.
2017). Microbially mediated reactions, not considered or quantified in
our study, may also influence the geochemical stability of Fe in the
system.
Nicholas et al. (2017) found redox disequilibrium (As sulfide
co-located with Fe (oxyhydr)oxides) in their samples of till and aquifer
materials. Their findings indicated that incongruent oxidative weath
ering is one of the processes at work liberating As to waters in glacial
aquifers. In theory, chemically reduced (As- and Fe-bearing sulfides) and
oxidized (oxidized As and Fe) redox end-members are expected to
represent conditions that retain solid-phase As until the system is per
turbed by changes in redox, water chemistry, or hydrologic conditions.
They found the presence of As sulfide minerals with oxidized Fe, which
indicate an actively weathering system with potential for As release to
water. Basu and Schreiber (2013) studied arsenopyrite weathering re
actions, noting the shift in As reservoir from arsenopyrite to Fe (oxy
hydr)oxides after oxidative weathering of arsenopyrite. Low pH can also
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Fig. 4. Temporal As concentration Eh-pH plots. Concentrations of As in Central Region groundwater (Erickson et al., 2019b; Krall et al., 2018) plotted on iron pH-Eh
stability field diagram. Solid lines in the diagram indicate equilibrium between the aqueous Fe2+ and Fe(OH)3(s) species. Arsenic concentrations are represented by
circle size; samples below the detection level are omitted, and study well is shown in red. (A) data for Round 1, samples collected within 4 weeks of well drilling,
study well higher Eh and lower pH than typical; and (B) data for Round 3, samples collected a year or more after well drilling, and the Round 2 result for the study
well. The Fe2+ and SO24 concentrations used to make the figures were from the R1 and R3 sampling rounds. Figures were made in Geochemist’s Workbench v.12.0.4
using the thermo.tdat database, with the following species suppressed: hematite, goethite, magnetite, and FeO. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

studies have demonstrated that an unconsolidated aquifer with low bulk
As concentration and diffuse iron sulfides may be susceptible to very
high concentration As release from routine well disinfection.
Well drilling introduces oxidized tap water, introduces the strong
oxidizer chlorine for disinfection, disturbs aquifer materials, and in
duces high-flow pumping. We conclude that these well-drilling activities
can oxidize arsenopyrite and/or pyrite, and the lower pH from the sul
fide dissolution can prevent formation and/or dissolve As-containing Fe
(oxyhydr)oxides. These reactions together produced the observed
aqueous-phase high-As pulse of 1550 µg/L total As (Table 1).
Geochemical modeling results are consistent with these As release
mechanisms. Over the period of 15 months, a more reducing and cir
cumneutral groundwater equilibrium is established, resulting in much
lower As of 5.37 µg/L total As. The study well contrasts the larger
regional study findings that As concentrations systematically increase in
glacial wells over time (Erickson et al., 2019b).
Our study demonstrates that there is a potential risk of subsequent As
release in the study region or wells in a similar geochemical setting
during routine sanitizing operations using bleach or other strongly
oxidizing agents. The modeling results show that a pulse-like addition of
O2 from well installation was not sufficient to cause the high As release;
the very high As was triggered by HClO reactions. Because of this po
tential arsenic mobilization, the Wisconsin Department of Natural Re
sources has recommendations for well disinfection in areas at risk for
sulfide oxidation (Wisconsin Department of Natural Resources, 2012).
Studies of the effect of shock chlorination on As concentrations in do
mestic wells, wells simulating domestic well operation, and laboratory
studies of potential changes in As-containing minerals show mixed re
sults (Gotkowitz et al., 2008; Seiler, 2006; West et al., 2012). In some
wells As concentrations decrease or remain about the same, but in other
wells concentrations can double; mineral repositories of As can also
change.
Our study illustrates why it is crucial for public health protection that
water quality sampling be conducted before a new potable well is put
into service. In our study well there was no sign that the water quality

influence As concentration, with the co-mobilization of adsorbed As if Fe
(oxyhydr)oxides dissolve. The diverse As release mechanisms are
consistent with our study results and the regional geographic hetero
geneity of high As in well water (Fig. 4).
4.5. Study limitations
Our study has several limitations. The observed geochemical con
ditions were present in just one well, and we use the observations to
illustrate that there is a potential risk of As release during routine
sanitizing operations using a strongly oxidizing disinfection agent.
Geochemistry not measured as part of our study were estimated for
model input values. Sediment geochemistry from borings in similar
materials were used to estimate sediment As, S, and Fe concentrations
(Erickson and Woodruff, 2020; Thorleifson et al., 2019). Major ion
groundwater geochemistry was estimated from a regional hydrogeology
study (Balaban, 1989). A batch reactor-type equilibrium model was used
to test hypotheses due to lack of information about flow during and after
well installation because no flow parameters were measured. Simula
tions indicated much higher concentrations of sulfate and iron than
measured in the study well. Although not observed in our study we
hypothesize that schwertmannite may have sequestered the excess sul
fate and iron in the initial extreme low pH, high sulfate, high iron
condition, which would have been theoretically favorable to schwert
mannite formation (Cravotta, 2008).
4.6. Public health implications and conclusions
The geochemical measurements at our study well and the
geochemical modeling results illustrate that the disturbance of well
drilling and disinfection can result in short-term, very high As concen
trations in wells when a low concentration of Fe sulfides are present in
sediment. Studies elsewhere have demonstrated that oxidation of
sulfide-containing bedrock units intersected by bedrock wells can result
in very high As concentrations. To our knowledge, though, no other
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was atypical or that the well water presented a significant health hazard
to the homeowner relying on the new well as the potable domestic water
supply. Our results illustrate why temporal water quality monitoring is
desirable for potable wells: long-term water quality may be substantially
different from initial water quality, and temporal water quality changes
have public health ramifications.
Finally, our study also shows why resampling drinking water wells
could be beneficial for long-term hazard mitigation. Mailloux et al.
(2020) describes specific recommendations for resampling drinking
water wells to minimize the hazard from As in drinking water. USEPA’s
Maximum Contaminant Level Goal for As concentration in drinking
water is 0 µg/L (U.S. Environmental Protection Agency, 2018), and
current advice from MDH to well owners is to consider treating drinking
water if As is detected at any concentration (Minnesota Department of
Health, 2019). Round 3 results (study well and 100 other Central Region
wells), which are an indicator of common background geochemical
condition, straddle geochemically consequential Fe stability fields
(Fig. 4): small Eh-pH perturbations from chlorination or other factors
could substantially increase or decrease As concentration in well water.
Our results may have application to better understanding As mobiliza
tion processes and geochemical sensitivity in similarly geologically
complex aquifers in Southeast Asia, where As can also be adsorbed to Fe
(oxyhydr)oxides or can be associated with Fe sulfides (for example,
Punjab Pakistan, the Bengal Basin, Huhhot Basin, Datong Basin, Mekong
Delta, and Yuncheng Basin; Aziz et al., 2017; Gnanaprakasam et al.,
2017; McArthur et al., 2008, 2016; Quicksall et al., 2008; Shakoor et al.,
2018; Stanford et al., 2010; Stuckey et al., 2015; Wen et al., 2013). Even
rare high-concentration arsenic spikes impose significant human health
exposure hazards.
Our results inform strategies to reduce the hazard of As exposure
through well water and therefore public-health implications. Changes in
geochemical conditions relate to drinking water treatment efficacy.
Changes to more reducing conditions can negatively affect home water
treatment. For example, if redox is changing over time from As(V) sta
bility to As(III) stability, and a treatment system was not designed spe
cifically for As(III) removal, or if Fe stability also is changing to increase
aqueous Fe, then removal efficiency with typical domestic-size treat
ment systems may diminish. In Maine a study of common mitigation
strategies for preventing As exposure found incomplete As exposure
reduction; low As removal efficiency may be part of the explanation of
continued As exposure (Smith et al., 2016). Another study indicates that
homeowners with treatment systems may unknowingly experience
lower As removal over time, particularly if changes in groundwater
geochemistry are accompanied by increases in Fe, which can promote
iron bacterial growth and fouling of treatment media (Spayd et al.,
2015).
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